Highway works are highly inconvenient and disruptive for society. Accordingly, four highway policy interventions were investigated in Derby, UK, for potential corresponding reductions in highway works durations. Time series analysis was used to test the durational impacts on works led by Highway Authorities (HAs) and utility industries. The modelling results demonstrated that a highway works management permit scheme (chargeable) reduced utility works durations by 5·4% (727 work days annually). Conversely, three conflated interventions -namely, the permit scheme (cost-free to HAs), JCB Pothole Master deployment and construction direct labour organisation -did not make any statistically significant difference to HA works durations; however, introducing an automated works order management system (Woms) reduced HA works duration by 34% (6519 work days annually). The key finding of this study is that chargeable permit schemes can create the impetus for change, as demonstrated by the utility industry. Furthermore, the Woms revealed that back-office efficiency can lead to on-site efficiency in works execution. 
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Introduction
Growing urbanisation and the escalation of internet dependence has created an increased need for utility infrastructure to match commercial and residential needs, notwithstanding the need to maintain and replace ageing Victorian utility infrastructure. Underground, a complex network of utility apparatus enables the delivery of essential services to properties for day-to-day domestic and commercial use, with at least seven main utilities underground (i.e. water, sewers, gas, electricity, telecommunications, street lighting and traffic cabling) owned by different organisations that manage, install, operate and repair their private networks independently of each other (e.g. Rogers et al., 2012) . Problems can (and often do) arise when utility companies, known as statutory undertakers (SUs), need to install/access/maintain utility assets (known as street works) or when a Highway Authority (HA) needs to repair the fabric or structure of its highway (known as road works); these practices can disturb and clash with society's above-ground expectations for expeditious transportation.
Unsurprisingly, road works and street works are considered disruptive and inconvenient to society (Hussain et al., 2016 ). An estimated 1·5 million street works with a direct construction cost of around £1·5 billion occur in the UK annually (McMahon et al., 2005) , which can substantially decrease lane flow capacity and cause major congestion (e.g. Walker and Calvert, 2015) . Furthermore, repeated utility cuts seriously deteriorate road life and significant damage to infrastructure has been reported in Toronto, Vancouver, San Francisco (California), Phoenix (Arizona) and several UK cities (e.g. Amec, 2002; Jordan et al., 2009; Mouaket and Capano, 2013 Parliament, 2014; Walker and Calvert, 2015; Wilde et al., 2018) . Annual societal costs of street works in the UK are estimated at £5·6 billion, of which £5·1 billion is attributable to lost driver time alone, indicating that the cost of delay is actually higher than the cost of construction itself (Halcrow, 2004; McMahon et al., 2005) . Therefore, there is a compelling need to minimise highway works activities and their impacts in order to minimise disruption and inconvenience and maximise transportation movement above-ground.
The literature indicates that, traditionally and primarily, highway works in England were managed through either noticing schemes, permit schemes or lane rental schemes, briefly described as follows.
& Noticing schemes are the traditional highway works management schemes that enable work promoters to submit prescribed notifications to the street authority (SA) to 'notify' of their intention to work (UK Parliament, 2014) . Noticing schemes afford the least control to local authorities (LAs) and therefore their effectiveness in works management is anecdotally limited. & Permit schemes supersede noticing, whereby all work promoters are required to submit permit applications to seek authorisation to execute highway works, and thus are gaining popularity in England. Similar schemes also operate in Singapore and New York (LTA, 2014; TRL, 2012) . Permit schemes seek to control and coordinate highway works; this can be helpful in minimising utility cuts, which are recognised as damaging to highway structures and reduce pavement life (Jordan et al., 2009) . UK permit schemes give SAs increased powers to manage and control works compared to the noticing regime; failure to comply with any conditions set can attract financial penalties (UK Parliament, 2014) . & Lane rental schemes, as operated in London and Sydney, advance permit schemes, enabling LAs to rent out highway lanes for specified durations for works execution, with rental costs higher during busier traffic times (CoS, 2014; DfT, 2012a; TRL, 2012) . Unlike the noticing and permit schemes, lane rental schemes are focused on expeditious works completion in the least disruptive manner, which is advantageous to the travelling public.
Looking at the performance of permit schemes in practice, government regulations require that SAs evaluate permit schemes after 12 months, then subsequently after 36 months to monitor their effectiveness (DfT, 2014 ). An analysis of permit scheme performance reports from around the UK reveals the following reductions.
& London permit scheme -2% reduction in average duration in the first year (LPSOC, 2014) . & Kent County Council -18% reduction in 'impact of road works' over 4 years (KCC, 2014) .
& Yorkshire common permit scheme -21% reduction in duration over 2 years (YCPS, 2015) .
Overall, these reports are detailed, identify data limitations and report on pre-agreed performance indicators agreed with the Department for Transport (DfT), but lack robustness due to limited information about study methods, data analysis techniques, and lack appropriate statistical sensitivity testing of results. Moreover, the results are not subject to independent peer review or DfT feedback, which can undermine confidence in the results given. In addition, the National Joint Utilities Group (NJUG, 2012) found that SUs feel that such evaluations are not comprehensive as they fail to reflect the true costs borne by them.
Looking more broadly, research into the performance and impacts of specific policy interventions or on how they affect an area or population is limited and, so far, there is only one academic study, which analysed the Kent permit scheme using fuzzy logic (Shrivastava, 2010) , that has looked at how these schemes have performed. This absence of robust permit policy analysis in the literature is therefore a concern when one considers the degree of change caused by the adoption of permit schemes in the English highways management industry (Hussain et al., 2016) . It was this concern that led to this study on the impacts of introducing a package of highway works management interventions in Derby.
This paper is important because it contributes to knowledge in an under-researched area of policy, and innovative because it uses time series analysis to measure the impact of introducing key policy changes. The remainder of the paper is structured in sections covering information about the study area (Derby), study data, method, results, followed by a discussion and conclusion with important policy implications.
Derby
Derby is a fairly typical English regional city of around 250 000 people and is located approximately 200 km north of London. Derby City Council (DCC) has competing statutory functions in respect of highway management: the SA is statutorily responsible for the above-ground management of traffic movement on the highway network, which includes the legal network management function and regulation of the permit scheme, while the HA is statutorily responsible for maintaining the fabric and structure of the highway -both functions are independent of each other.
Traditionally and primarily, highway works in Derby have been managed by the SA through a noticing system. The Derby permit scheme commenced in October 2013, replacing noticing on key city streets (DCC, 2013 are free. The overall financial impact of the permit scheme on SUs is unclear, but includes permit fees and likely increased back-office costs through greater pre-planning and the production of supporting permit application information such as site information, plans, methods, techniques and so on. Similarly, HA operational costs are also likely to have increased. The permit scheme only operates on 'trafficsensitive' streets, which comprise around 20% of Derby's roads. Traffic-sensitive streets are formally designated subject to legislation and are essentially those streets where works would be especially disruptive to road users (DfT, 2012b) . Noticing applies on the remaining streets. SAs must exercise parity of treatment between the HA and the SUs (DfT, 2008) .
In addition to the permit scheme, the HA has also been actively working towards making highways maintenance more efficient and cost-effective through the introduction of the following practices.
& Works order management system (Woms) (October 2011) -this technological change involved replacing the paper-based system of recording works information with an app-based electronic system. Highways inspectors were given devices to use remotely, interactively and in real time, reducing delays caused by a manual system. & Purchase of a JCB Pothole Master (3CX) (August 2013) -this purchase was made to assist in-house construction by a direct labour organisation (DLO). & In-house construction activity (September 2013) -this policy change meant that, after 16 years of contracting construction works to an external company, the HA brought most services in-house, employing a DLO.
A time series statistical analysis model was employed to evaluate whether the introduction of these interventions had any impact on the reduction of the mean duration of excavation activity while controlling for other factors that influence work durations.
Data
Time series analysis was used on two separate data sets to investigate the duration of HA and SU highway works to compare performance. The study period lasted 6·5 years, commencing in October 2009, on permit-applicable streets only. During this period, 56 235 valid individual works registered with the SA were downloaded. The mean volume of works was 8651 per annum overall, with the HA and SUs executing 4902 (57%) and 3748 (43%) works on average respectively (Table 1) . Data were collated using the SA's central database used to receive permit applications, and uploaded to IBM SPSS Statistics 22 (SPSS). The mean duration of highway works per month was calculated by dividing the total applications received by the total days spent occupying the highway. Figure 1 shows time series plots of mean work durations on a monthly basis for both data sets. The graph shows that SU works remained relatively smooth over the study period, but seemed to decrease around October 2013, coinciding with the introduction of the permit scheme. This is an indication that the permit scheme potentially reduced the duration of SU works. The impact of the permit scheme is less distinct for HA works, although a dramatic drop in works duration in October 2011 coincides with the introduction of the Woms, indicating a positive impact by Woms on works durations. A surge in HA works is evident in August 2013 -this is considered to tie in with the changeover period of the HA moving from a term maintenance contractor to employing a DLO. Overall, it is hypothesised that the permit scheme reduced the duration of highway works for the SUs, but not the HA. Furthermore, the data indicate that the Woms reduced HA works durations.
In order to determine how external factors could affect works duration, a range of control variables was also collated to account for external factors ( Table 2) . Examination of the control data revealed that the gross domestic product (GDP) showed an uneven trajectory until June 2012, after which it consistently increased. Construction infrastructure output showed a small and steady increase, while housing demand almost doubled. As expected, vehicle miles travelled (VMT) showed regular seasonal peaks (July-September) and dips (January-March), but this parameter was relatively static over the 5-year period. The Christmas restrictive period is a period when the SA heavily restricts works on traffic-sensitive streets between mid-November and early January (except for emergencies).
Method
This study sought to evaluate the impact of various policyrelevant interventions on the duration of excavation activity using statistical analysis, for which an autoregressive integrated moving average (Arima) time series model was employed. This section provides further information on time series analysis, the role of Arima and intervention functions.
4.1
Time series model Time series analysis can be used to measure the impact of one or more interventions on a dependent variable. A time series model repeatedly measures a single variable (i.e. dependent variable) over a regular and consistent time period and can thus be employed to understand patterns and trends historically and also to extrapolate these trends to make future predictions. Accordingly, a time series model was used to evaluate the impact of policy-relevant interventions on highway works duration, while controlling for other factors such as GDP, weather and other incidental and cyclic events. Since all the variables were time-variant (as opposed to time-invariant for the case of a cross-sectional study), a time series regression model was preferred. An important criterion of employing time series regression models is that a minimum of 50 observations are used for more reliable results (Chatfield, 2004) ; accordingly, this study aimed to use 78 monthly observations (no future predictions were sought).
The time series model can be defined as 1:
in which t is the discrete time (month in this case); y t is the appropriate Box-Cox transformation of Y t , say in log Y t , Y t 2 or Y t itself (Box and Cox, 1964) ; Y t is the dependent variable (i.e. the mean duration of each highway work activity) for a particular time t; f(l, X ) is the deterministic part of the model, which contains the intervention component (I) and the deterministic effects of independent control variables (X ); and N t is the stochastic or noise component.
The random component (N t ) follows an Arima model that is normally denoted as Arima ( p, d, q) , in which p is the order of the non-seasonal autoregressive process, d is the order of the non-seasonal difference and q is the order of the non-seasonal moving average process. The Arima model can be expressed as (Box and Cox, 1964) in which ϕ is the regular autoregressive operator, θ is the regular moving average operator, B is the backward shift operator and u t is an uncorrelated random error term with zero mean and constant variance (σ 2 ). Seasonal versions of the model and details can be found elsewhere (Box and Cox, 1964) .
Arima modelling
The process of the Arima model analysis entails the identification, estimation and diagnosis of data (e.g. Tabachnick and Fidell, 2007) . Analysis firstly requires identification of stationarity in the time series; a stationary time series or applying, for example, 'differencing' to achieve stationarity is critical for the Arima process (Box et al., 2016) . Stationarity removes any linear/quadratic or other trends to provide a series where means, variance and autocorrelations remain constant over time (Tabachnick and Fidell, 2007) . Stationarity can be identified using autocorrelation function and partial autocorrelation function correlograms. The second step is to run the model to test whether the lingering autoregressive or moving average effect is more appropriate. This may include incorporating control variables (as detailed in Table 2 ). The final step is diagnosis of the model to determine its accuracythis incorporates examination of the significance of parameter estimates, goodness-of-fit statistics and testing white-noise residuals for all systematic variances (Box et al., 2016) .
4.3
The intervention function f(l t ) Time series analysis can include intervention variables, which examine the effect of events or occurrences in the data set (Box and Tiao, 1975) . This research sought to analyse the effect of various interventions. Both models (SU and HA) were subject to the permit scheme (commencing October 2013) and the SU model was singularly tested against this intervention. The HA model was, however, affected by three further interventions: the introduction of the Woms (October 2011), the purchase of a JCB Pothole Master (August 2013) and the employment of a DLO (September 2013). As the permit scheme, JCB purchase and DLO employment occurred over three consecutive months, their potential impacts were conflated; therefore the Arima model is a test of the set of interventions. The intervention variables are characterised by a step function. This means that, prior to their onset, the value of the function ( f ) of the intervention (I ) was 0 but, at onset, the value changed to 1 (Yaffee, 2000) .
The intervention function is defined as 3:
where θ 0 is a constant and I t is the intervention variable, which takes a value of 0 for every month before the implementation date (i.e. t′) of the policy intervention and a value of 1 for every month thereafter; that is
Therefore, the full Arima model can be presented as 4:
The parameters of this model can be estimated by employing a maximum likelihood estimation.
Results and discussion
Analysis of the autocorrelation functions (Figure 2 ) revealed numerous lags where the autocorrelation coefficients fell outside the 95% confidence limits, thus exhibiting serial correlation in both data models; however, the HA model was significantly more non-stationary than the SU model.
A log transformation was applied to stationarise the series, but this failed. Instead, 'differencing' was found to stationarise the series more effectively. As the data required first-order differencing, this is indicated in the Arima ( p, d, q) model by the 1(d), where d = 1, as opposed to d = 0 where no differencing is required (Yaffee, 2000) . Different variations of Arima models were tested to find the best-fit models for the data sets. In the models, the mean duration of works respective to the SU and HA models was the dependent variable, the permit scheme was the single intervention variable in the SU model and the permit scheme/JCB/DLO package and Woms were the two separate intervention variables tested in the HA model. In addition, the control variables (as shown in Table 1 ) that were not found to be statistically significant or relevant to a model were disposed of.
Model diagnosis to determine accuracy was judged by a number of goodness-of-fit measures, including
& root mean squared error (RMSE), which compares a predicted value with an observed value & mean absolute percentage error (MAPE), which measures the absolute percentage error across the series & maximum absolute percentage error (MaxAPE), which suggests the maximum percentage of variation not explained at some point in the series & Ljung-Box Q-value, which must be over 0·05 to demonstrate that the model is correctly specified (Yaffee, 2000) .
5.1
Model 1: SU works only (1,1,0) Optimum results for the SU data set were found in the Arima (1,1,0) model (Table 3) .
The model is a non-seasonal autoregressive model with no indication of any lingering effect of works from previous months (statistically significant at the 95% confidence level). The model shows that the permit scheme intervention variable reduced works duration by 0·194 d per activity on average (all other factors being constant); this was statistically significant at the 99% confidence level. Based on the average volume of 3748 works (Table 1) and multiplying this by the mean duration of highway works of 3·6 d prior to the permit scheme, the typical number of utility work days per annum was around 13 492 d in Derby. The model estimated that the permit scheme reduced works duration by −0·194 d per highway works activity, which is equivalent to 727 work days or 5·4% reduction per annum.
Goodness-of-fit indicators provided a low RMSE of 0·384, which suggests a low mean squared error. The MAPE of 7·537 showed an average 6·2% predicted error margin across the series. The MaxAPE value of 36·2 suggests that, at worst, 36% of the variation was not explained at some point in the series. The Ljung-Box Q-value of 0·285 demonstrates that the model was correctly specified (Yaffee, 2000) .
Daylight hours and VMT were found to be statistically significant. Firstly, should VMT increase by a billion miles, street works duration is likely to increase simultaneously by 0·051 d per job on average (significant at the 95% confidence level). In terms of daylight hours, a 1 h increase in daylight led to works durations decreasing by 0·037 d per activity (significant at the 100% confidence level).
5.2
Model 2: HA works only (4,1,0) A visual examination indicated that the Woms had a significant and sustained impact on works duration, while the conflated impact of the permit scheme/JCB/DLO interventions was less clear (see Figure 1) . To test this, a number of different variations of Arima models were run; however, the model results were weak and the impact of the combined interventions seemed exaggerated given the visual examination. It was considered that the inclusion of two intervention variables was disturbing the model and therefore the models were re-run examining the interventions separately. The permit
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scheme/JCB/DLO was first tested using a 52-observation model that removed the observations prior to the Woms intervention to ensure model consistency. Despite trying a number of varying Arima models it was not possible to find a statistically significant model showing the impact of the combined interventions. Using SPSS, a simple mean comparison of work durations was run before and after the permit scheme/ JCB/DLO. The mean comparison showed that works duration prior to the combined interventions was 1·68 d, marginally improving to 1·67 d with the onset of the interventions. As the change was so slight, it corroborated the reasons why a suitable Arima model could not be found from the outset. Works duration is not the only proxy to measure success and therefore volumes of works were also examined. It is evident from Figure 3 that the overall works volume had increased since the combined intervention, with minor works substantially increasing, along with urgent/emergency works (Figure 4) , which again demonstrates that the schemes did not have an impact. The second model exclusively examined the Woms impact using 78 observations. Optimum results for the HA data set were found in the Arima (4,1,0) model (see Table 3 ). This model is a non-seasonal moving average model with a lingering effect from the previous month four (statistically significant at the 95% confidence level). The Woms intervention was found to reduce works duration by 1·33 d per activity (significant to 99% confidence) (all other factors remaining constant).
Based on the average volume of 4902 works and multiplying this by the mean duration of highway works of 3·9 d prior to the Woms intervention (see Table 1 ), the typical highway work days volume per annum was approximately 19 117 d in Derby. The model estimated that the Woms introduction reduced works by −1·33 d on average per works activity -equivalent to 6519 work days or 34% reduction per annum.
The goodness-of-fit indicators provide an RMSE of 0·420, which suggests low mean squared error. The MAPE value of 12·96 means that, across the series, the predicted value had an average 13% error margin. The MaxAPE value of 48·4 means that, at worst, 48% of the variation was unexplained at some point in the series. The Ljung-Box Q-value of 0·085 demonstrates that the model was correctly specified (Yaffee, 2000) . 
Discussion and conclusion
The permit scheme was found to reduce SU works durations by around −0·194 d per highway works activity, which is equivalent to 727 work days or 5·4% reduction per annum. In rationalising why the permit scheme had this effect for SUs, a key explanation could lie with the greater pre-planning that the scheme demands for application approval. Permit applications, resubmissions and variations all attract fees for utility companies. Rejected applications waste time and create uncertainty; this is likely to be significantly more inconvenient and expensive than the permit costs themselves, especially if it involves re-programming works, plant and equipment, the labour supply chain, as well as informing stakeholders. Greater pre-planning involves submitting robust site information, plans, methods, techniques and detailed traffic management information, which can lead to greater collaboration with SAs. This study demonstrates that permit schemes can be successful in reducing works durations.
Additionally, VMT and daylight hours were statistically significant in SU works durations -both may be rooted in health and safety as road construction workers are disproportionately more affected by injury and fatality than their counterparts (Harb et al., 2008) . Firstly, should VMT increase by a billion miles, street works durations are likely to increase simultaneously by 0·051 d per job on average (significant at the 95% confidence level). Increased VMT could be correlated with greater traffic volumes, which are known to increase safety risks to on-site personnel (Walker and Calvert, 2015) and increase the risks of crashes and fatalities on highway work zones (Debnath et al., 2013) . Increased works duration could be reflective of work sites being managed more carefully to prevent accidents, thus inadvertently increasing works durations. In terms of daylight hours, a 1 h increase in daylight led to works durations decreasing by 0·037 d per activity (significant at the 100% confidence level). This may be because daylight naturally creates a more productive working environment and therefore it is unsurprising that longer daylight hours reduce works duration. Conversely, a disproportionate number and severity of accidents occur in darkness (Harb et al., 2008) , with fatalities five times more likely during night-time construction compared with construction during the day (Arditi et al., 2007) . Night-time working can increase project costs due to increased personnel and traffic management costs, as well as compromising aesthetic considerations and affecting workforce productivity (McMahon et al., 2005; Rebholz et al., 2004) .
In terms of HA works, the combined permit scheme/DLO/JCB interventions were not found to have any statistically significant impact on reducing works durations. It is considered that the absence of permit scheme charges fails to incentivise change in the same manner that it would for SUs, who pay for permits and also have to suffer greater impact when re-scheduling customer works. Hypothetically, if HAs were subject to permit costs, it is unlikely that Derby's road works would have increased as rapidly given the associated cost implications. Furthermore, it is speculated that the accessibility of the DLO and the JCB could have increased works volumes because the HA can now be more reactive with works. While this is positive for the HA because they are now executing more works in financially austere times and positive for the public because they are experiencing improved road conditions, conversely, for the SA, it suggests that more highway works are taking place than ever before and thus the societal impact of these works is increasing. A caveat to this, however, is that works are calculated by the day; therefore, even though a straightforward pothole repair can take around 30 min from start to site clearance, it will be recorded as 1 d work, which can misrepresent works durations. Recording of this information is governed by statutory legislation and is thus not easy to overcome in the short term. However, in its regulatory role, the SA could seek to minimise works impacts by conditioning permits so that minor works executions take place outside peak travel hours. Additionally, it is recommended that investigations are made into reducing ad hoc and minor highway repair works to minimise highway impacts.
In examining the Woms impact on HA works, this was found to have the greatest impact on reducing works duration. It is considered that the Woms enables the works manager to allocate and control works information sent to highways inspectors, which reduces duplications arising from a manual system. It can be deduced that efficient planning from the outset can lead to efficient execution of works on-site, culminating in an overall reduction in on-site works duration. The adoption of Woms also fits in with the wider transformation government strategy of using information technology to transform government operations and processes (Weerakkody et al., 2011) . This result, however, should be treated cautiously because Woms is not a direct construction tool and therefore it is more likely that the Woms has in fact improved reporting, and is thus reflecting actual works durations, which can be undermined due to delays prevalent in paper-based systems. Notwithstanding this, it is recognised that better planned road works and street works lead to better executed works on-site, therefore its impact should not be underestimated.
In moving forward, this study has found that permit schemes can reduce SU works durations in an urban authority; however, the absence of permit costs to HAs can nullify an important behavioural change incentive. Accordingly, further investigations are required to identify appropriate interventions for HAs. Furthermore, the introduction of a Woms was also found to improve works durations significantly, which suggests that back-office process efficiency can lead to improved works on-site. The purchase of a JCB Pothole Master to expedite certain works and the DLO nature of the HA's construction workforce was not found to reduce work durations.
The limitation of this study is that it was based on a single LA and therefore the results are not necessarily transferable to other authorities, particularly rural authorities. However, this is important and novel research because highway works management policies and particularly intervention impacts are under-researched. This research is valuable to policymakers, practitioners and the utility industry because it provides evidence that the permit scheme, as a policy intervention, can be a successful scheme for SUs but may not provide enough impetus for HAs to change their working practices significantly.
The study has also identified that back-office policy changes such as business process improvements can have a key effect on improving on-site works execution. The Arima studies in this paper are comparative models (e.g. noticing compared with permit schemes, paper-based systems compared with Woms etc.) and therefore cost calculations are not necessary to prove the effectiveness of policy measures. However, this study could be enhanced by more current research into road works and street works costs, which are critically under-researched (Brady et al., 2001; McMahon et al., 2005) ; this would aid greater understanding of the financial impacts of the reductions. This research could also be strengthened by qualitative research examining the running costs of permit schemes.
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